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Ni-based cermets have commonly been used as the anode material with good catalyst 
properties for hydrocarbon fuels. However, carbon deposition can be occurred from the non-
ideal electrochemical reaction of hydrocarbon fuel and the structural limitation resulting from 
the unsymmetrical Ni-based anode-supported single cells. This critical problem leads to loss of 
cell performance and poor long-term stability of solid oxide fuel cells (SOFCs). Our designed 
anode material, the extreme small amount (0.5 wt%) of Sn catalyst incorporated onto Ni and 
nano-composite structure, were employed not only to prevent the carbon deposition in oxygen 
deficient areas found for unsymmetrical cells, also increase the cell performance due to the 
excellent microstructure. The nano-composite Sn doped Ni-GDC cells showed 0.93 Wcm-2 
with stable operation in dry methane at 650 oC. 
 
 
Introduction  
Solid oxide fuel cells (SOFCs) are high attractive for next 
generation energy systems directly converting chemical energy 
into electrical energy with high efficiency and low emissions.1, 2 
They also provide outstanding fuel flexibility without the use of 
external reformers and thus the direct utilization of 
hydrocarbons is one of the most important issues concerning 
SOFCs.3-5 Among the various utilizable fuels, methane has 
been attractive as one of the effective fuels due to its abundant 
supply, low-cost and its compatibility with the current well-
developed gas distribution infrastructure. However, the use of 
methane fuel for practical SOFC stacks of large scale systems 
has been limited because of several challenging issues such as 
low anode reliability; deactivation and fracture of cell or stack 
by carbon formation in Ni-based conventional anode under 
severe operating conditions.6, 7 Therefore, advanced anodes for 
Ni-base anode with a reliable metal such as Cu-based metals or 
oxide anodes have recently been investigated to prevent carbon 
coking.8-12 Perovskite-structured anode materials such as 
(La0.75Sr0.25)Cr0.5Mn0.5O3 (LSCM) showed comparable 
performance to Ni/YSZ cermet anodes with high efficiency and 
high resistance to carbon deposition when using hydrocarbon 
fuels.13 A Ce0.6Mn0.3Fe0.1O2-La0.6Sr0.4Fe0.9Mn0.1O3 anode has 
been reported to deliver 1 Wcm-2 power density with propane 
and butane fuels resulting from high catalytic activity in 
relation to direct hydrocarbon oxidation.14 However, the power 
densities of these anode oxides are still lower than that of the 
conventional Ni-based anode when it is using methane fuel at 
lower temperature because of insufficient electrical 
conductivity and catalytic activity with respect to methane. The 
Ni based anodes obviously have high catalytic activity for 
methane reforming in comparison with oxide anodes. However, 
the oxide anodes are still required to optimize the compositions 
and microstructures for high redox stability and tolerance of 
carbon deposition in order to commercialize direct methane 
fueled SOFCs. In our previous work, the nano-surface modified 
anode with nano-composite powder, NiO/GDC-GDC (n-NGG), 
showed the effects on the tolerance of carbon deposition and 
advancement of fuel oxidation with large three phase 
boundaries (TPBs), which increase performance and long-term 
stability.15 However, the carbon deposition partially occurs in 
areas where oxygen ions were not supplied to the anode in the 
case of large scale cells due to the unsymmetrical cells 
comprising different active areas for electrodes and inconsistent 
distributions of methane (as shown in Fig. 1). In particular, 
carbon is deposited on the edge of stack components due to the 
lack of the oxygen ions from an unsymmetrical cathode coating 
layer which was similarly observed in our large scale SOFC 
stack test. Thus far, catalyst additives are mainly used to avoid 
carbon deposition on the anode surface; other researchers have 
been researching catalysts such as Ru, Au, and Rh doped Ni-
based cermet and Cu-based anode replaced of Ni, but they 
could not achieve performances comparable to Ni-based anode 
supported cells even though they could suppress carbon 
deposition for methane fuel. 16-20 Among various additives, Sn 
catalyst has recently been introduced as a promoter for transfer 
of solid carbon and kinetic activators for the electrochemical 
oxidation of carbon in direct carbon fuel cells (DCFCs).21 Sn-
Ni alloys have a higher inclination to oxidize carbon and 
computational models suggest that they are more carbon-
tolerant than Ni, however performance has not exceeded 0.5 
Wcm-2 at intermediate temperatures due to the simple doping of 
the alloy on natural materials.22-24  
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Thus, in this work, we have chosen Sn doped Ni-GDC anode 
with an optimized nano-composite anode to enhance its effects 
on tolerance of carbon deposition by carbon oxidation catalytic 
activity of Sn and the large TPBs of nano-composite structure. 
The abbreviation and the nature of the anode materials (NG, 
SNG, n-NGG and n-SNGG) in this study are explained in the 
Table 1. We improved the durability and power density when 
using methane fuel at 650 oC on a practical SOFC stack sized 
cell system. Furthermore, the various effects of combining Sn 
and our unique nano-composite structure to delay carbon 
diffusion and C-C bond formation by destabilising C-Ni 
bonding, acts as an anti-sintering aid leading to retained 
porosity. 
 
Table 1. Summarized charactersitics of as-preapred anode 
materials 
Sample Characteristics 
Ni-GDC  
(NG) 
Mechanical mixutre of Ni and GDC 
cermet anode 
Sn doped Ni-GDC  
(SNG) 
Mechanical mixutre of Sn doped Ni and 
GDC cermet anode  
Ni/GDC-GDC  
(n-NGG) 
Nano sized Ni and GDC conjugated on 
a core GDC  nano-composite anode  
Sn doped 
Ni/GDC-GDC 
 (n-SNGG) 
Sn doped nano sized Ni and GDC 
conjugated on a core GDC  nano-
composite anode  
 
Experimental 
 
Powder Preparation. NiO/GDC-GDC powder was 
synthesized using the Pechini process. The composition ratio of 
the embedded Ni metal and GDC, and core GDC as the reduced 
anode was 40:30:30 vol%. The precursors of Ni(NO3)2•6H2O 
(Junsei Chemical Co., 97.0%), GdN3O9•6H2O (Aldrich, 
99.9%), and Ce(NO3)3•6H2O (Kanto Chemical Co., 99.99%) 
were stoichiometrically added to DI water and heated to 40 °C. 
Next, citric acid (Junsei Chemical Co., 99.5%) and ethylene 
glycol (Ducksan Pure Chemical, 99.5%) with molar ration of 
1:2.5 were added to this solution as complexation and 
polymerization agents, respectively, at 60 oC. Then, GDC 
powder (Rhodia, ULSA grade) was added as core particles to 
the aqueous solution. The polymeric solution was condensed at 
180 °C for 4 hours and ash-colored intermediates were 
obtained. Finally, NiO/GDC-GDC nano-composite powders 
were obtained after calcination at 600 °C for 2 hours. The Sn 
(0-1 wt% of Ni) was doped on commercial NiO powders (J.T. 
Baker) and the synthesized NiO/GDC-GDC powders by using 
the incipient wetness technique. SnCl2•2H2O (Aldrich) was 
dissolved in a corresponding amount (500ml) of ethanol and 
then synthesized 20g of NiO/GDC-GDC (Rhodia, ULSA grade) 
or NiO powder was added into the solution under stirring and 
heating. The dried powder was calcinated at 600 oC for 2 hours. 
 
Dry methane Flow Test. The anode samples were reduced in a 
H2 atmosphere at 650 
oC for 3 hours and the reduced samples 
were weighed. Then, the samples were heated up to 600~900 
oC in N2 atmosphere and heated at 600~900 
oC for 30 minutes 
in CH4 atmosphere. Finally, The amount of deposited carbon 
for different amounts of Sn (0-1 wt%) in the NiO/GDC-GDC 
anode powder were weighed after cooling in N2 atmosphere. 
The out gases from the methane flow test conducting at 900 oC 
were also analysed by gas chromatography. 
. 
Fabrication of single cells. Anode supported cells consisting 
of Ni-GDC (t = 1mm, Area = 5.3 cm2) | GDC (t = 12 ㎛) | 
LSCF-GDC (t = 20 ㎛, Area = 1.0 cm2) were fabricated for 
electrochemical characterisation. The Ni-GDC (10 wt% of 
carbon black) anode supports were fabricated by a uni-axial 
pressing method and burn-out at 1150 oC for 3 hours. GDC 
electrolyte was deposited by dip-coating method and sintering 
at 1350 oC for 3 hours. The LSCF-GDC cathodes (LSCF:GDC 
= 50:50 wt%) was fabricated by screen printing with a paste of 
LSCF (Fuel Cell Materials Co., Lewis Center, OH, USA) and 
GDC powders followed by sintering at and 1000 oC for 2 hours. 
 
SOFC Cell Test. The performances of the cells were analyzed 
at 650 oC in reactive gases of H2 (50 ccmin
-1 at standard 
ambient temperature and pressure) or dry methane (15 ccmin-1 
at standard ambient temperature and pressure) without any 
balanced gas at the anode and air (500 ccmin-1 at standard 
ambient temperature and pressure) at the cathode. The I-V 
curves and durability were measured using a multi-functional 
electronic load module (3315D, Taiwan). AC impedance 
measurements were carried out using a Solatron 1260 
frequency analyser and a Solatron 1287 interface. 
 
Other characterisations. The pore size distribution of anodes 
which were fabricated by the same heat-treatment as cell 
fabrication and reduced in H2 atmosphere at 650 
oC were 
analysed by a mercury porosimeter (Micromeritics). Scanning 
electron microscope (SEM, JEOL) and transmission electron 
microscope (TEM, JEOL) were used for analysing the 
elemental distribution and structure of powders synthesized. 
For ex-situ surface characterisation, the cells were cooled to 
room temperature under N2 purging. X-ray photoelectron 
spectroscopy (XPS, K-alpha, Thermo Fisher Scientific Inc.) 
was conducted for analysis of Ni oxidation of Ni-GDC anode. 
Carbon deposition from the single cells after operating with 
CH4 fuel were analysed by temperature programmed oxidation 
(TPO) and SEM. 
 
Results and discussion 
 
The presence of Ni in the fuel environment enables 
hydrocarbon fuels to be reformed directly on the anode, while 
oxygen ions are constantly transported from the cathode to the 
anode through the electrolyte under load conditions. 
SOFCs are also considered to be chemical reactors, 
producing a variety of useful chemicals depending on the fuel 
mixture and operating mode, which is known as direct 
electrochemical oxidation.  
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Fig. 1 Schematic illustration of the reaction mechanisms 
depending on the anode regions of the direct methane utilized 
SOFCs. 
 
This direct electrochemical oxidation of fuels at the anode is 
highly exothermic and is the opposite of the reforming reaction, 
which is full oxidation, as shown in equation (1). 
CH4 + 4O
2-→ CO2 +2H2O + 8e-                                          (1) 
The direct electrochemical oxidation of methane fuel is a 100% 
Faradic-coupled reaction, as hydrocarbon fuel is oxidized with 
oxygen ions from the cathode and transported through the 
dense electrolyte as the region 2 in Fig. 1 
The deposited carbons can be also oxidized, as shown in 
equation (2) and (3) 
C + 2O2- → CO2 + 4e-                                                           (2) 
C + O2- → CO + 2e-                                                               (3) 
These carbon oxidation reactions require the enough oxygen 
ions and the lower C-O bonding energy than the C-C bonding. 
However, these reactions may not go to completion because 
of the non-ideal electrochemical reaction or excess amount of 
methane and the structural limitation resulting from the 
unsymmetrical anode-supported single cells consisting of the 
smaller area of the cathode than the anode support as the region 
1 in Fig. 1. This leads to carbon deposition following equations 
(4) and (5). 
2CO → CO2 + C                                                                       (4) 
CH4 → 2H2 + C                                                                         (5) 
Filamentatious carbon or graphitic carbon were formed by 
these pyrolysis and Boudouard reactions , leading to internal 
stress and destruction of the anode support. 
The doping of small quantities of another metal on the 
surface of Ni particles can protect the catalytic activity against 
the formation of carbon. In this work, Sn dissolved Ni cerments, 
were demonstrated to be higher carbon tolerant than 
monometallic Ni in methane by lowering the activation energy 
of the C-O bond. 
One of the critical factors in the application of non-coking 
SOFC anodes is the uniformity of catalyst on the anode 
structure because the catalyst distribution is strongly relative 
with surface activity area and TPBs.15, 25, 26 As the results of the 
TEM and EDS analysis of Sn-doped NiO and NiO/GDC-GDC 
(n-SNGG) show (Fig. 2), Sn doping on commercial NiO 
showed inhomogeneous distributions and coarsening, otherwise, 
the Sn was homogeneously covered on the synthesized n-NGG 
nano-composite powder and all comprising elements, Ce and 
Ni were homogeneously distributed as well. It is because the Sn 
doped onto the NiO nano particles embedding on core GDC, 
which limits the metal coarsening and segregation during the 
firing process. 
 
a 
b 
 
Fig. 2 TEM image and EDS analysis of the Sn doped (a) NiO 
and (b) NiO/GDC-GDC nano-composite powders. 
 
The n-SNGG can lead to higher electrical conductivity, 
mechanical strength and higher power density via improving 
the surface area, metal connectivity and the oxide sinter-ability. 
 Basically, the SOFC anodes should have the specific 
microstructure of smaller pore size and higher porosity for large 
TPBs, which strongly influence the performance and durability 
improving mass transfer, electrical/ionic conductivity and 
mechanical strength of the SOFC anode.27-29 Owing to the 
addition of an extremely small amount of Sn to the embedded 
Ni of n-NGG, the microstructures of n-SNGG anode substrates 
could be vastly improved to average pore size and porosity 
which is strongly relative to TPB in comparing to the 
conventional NG. The samples, sintered and reduced at 1,350 
oC and 650 oC, respectively, clearly show that Sn doping and 
nano-composite anode retain the suitable microstructure with 
fine pore-size and high porosity after high firing temperature 
(Fig. S1, ESI†).  
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Fig 3. (a) Weight increasing rate by carbon deposition as functions of temperature and Sn doping contents from 600~900 oC and 
transformed to (b) Arrhenius plots, and (c) gas chromatography results of the methane pyrolysis reaction on anode powders at 900 
oC. 
 
The Sn doping on NG anode, leads to increase the porosity 
from 36.30 % to 43.18% and slightly decrease an average pore 
size from ~550 to ~530 nm. Moreover, in the case of Sn doping 
on nano-composite anode, the porosity of the n-SNNG anode 
improved from 46.62 % to 50.13 % with an average pore size 
of ~420 nm to ~410 nm compared to those of the n-NGG anode. 
These results are caused by the agglomeration inhibition of 
nano-composite structure that the embedded nano Ni particles 
between GDC particles on a core GDC. According to Zhaoying 
et al., Sn is also demonstrated for improving the dispersion of 
Ni, and retarded the sintering of Ni.30 This n-SNGG anode with 
the enlarged TPBs and non-agglomerated materials strongly 
affects the cell performance and durability, as described later in 
this paper.  
The other effect of Sn-doped NiO on SOFC anodes is to 
suppress the carbon deposition produced from the methane 
pyrolysis which occurs on the Ni-based anode due to lack of 
oxygen ions as a thermochemical reaction. A dry methane flow 
test was conducted with these powders at various temperatures 
to estimate approximately the activation energies of the 
methane pyrolysis reaction. Fig. 3a shows that a higher Sn 
content on n-NGG leads to less carbon deposition at each 
temperature. The results were converted to an Arrhenius plot in 
Fig. 3b, where the slope represents the activation energy of the 
reaction. It is demonstrated that as more Sn catalyst is doped on 
the anode, the activation energy of the methane pyrolysis 
increases and the carbon deposition rate is reduced. Gas 
chromatography was also used to determine the pyrolysis 
reaction rate by analysing the gases produced from the methane 
flow tests and the results are shown in Fig. 3c. The peaks at 0.5 
and 5 min of retention time represent the amount of hydrogen 
and methane gas, respectively. If there is a more active methane 
pyrolysis reaction on the sample, these areas will decrease and 
result in increased carbon deposition.  
The red line (1) represents 20 ccmin-1 of methane without 
sample and does not show the reformation to hydrogen gas and 
can be used as a control. The green line (2) corresponding to 
the n-NGG powder had the largest area representing the amount 
of hydrogen gas reformed by methane pyrolysis reaction. The 
methane conversion rate was reduced from 95 % to 67 % and 
49 % by increasing Sn concentration for 0.5 and 1 wt% n-
SNGG. It seemed that Sn can suppress the carbon deposition 
reaction by reducing activation energy for C-H bonding 
breaking from methane pyrolysis reaction on Ni. 
Fig 4a and 4b show the performance and durability test results 
of the NG and SNG anode-supported cells operating in H2 and 
CH4 at 650 
oC in the initial stage of measurements. The 
maximum power densities of the NG cell were 0.42 Wcm-2 
with H2 and 0.35 Wcm
-2 with CH4 with 1.5 hours of stable 
operation. Compared to this, the SNG cells showed power 
densities of 0.50 Wcm-2 with H2 and 0.36 Wcm
-2 with CH4 over 
250 hours of stabile operation. Carbon is mostly deposited on 
areas that are poorly supplied with oxygen ions, such as on the 
edge of the anode on an unsymmetrical cell and the anode 
surface away from TPBs. The deposited carbon can be analysed 
by temperature programmed oxidation (TPO) oxidizing the 
deposited carbon with a 5 % oxygen-helium mixture gas, while 
the reactor is heated with programmed temperature profile. The 
TPO results (Fig. 5) show that the SNG cells after 250 hours 
operation have much smaller area as 9.4 % compared to the NG 
cells after 1.5 hours of operation. The small amounts of Sn 
doped in the Ni showed a primary effect suppressing carbon 
deposition. The small amount of carbon on Sn doped Ni would 
be the beneficial side effect for improving the cell performance 
by increasing the electrical conductivity from bridging between 
metal particles and using electrochemical oxidation of the 
carbon as a fuel. 
 
 
 
 
 
Page 4 of 6Journal of Materials Chemistry A
Journal Name ARTICLE 
This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  
 
Fig 4. I-V curves and stability tests for (a-b) the conventional Ni-GDC anode-supported single cell (closed) and the 0.5 wt% Sn 
doped Ni-GDC anode-supported singlet cell (opened), (c-d) the 0.5 wt% Sn-doped Ni/GDC-GDC anode-supported single cells 
with H2 (blue) and CH4 (red) at 650 oC 
 
 Fig 5. Temperature-programmed oxidation (TPO) results and 
the cross-sectional SEM images from (red) Ni-GDC and (blue) 
0.5 wt% Sn-doped Ni-GDC single cells after their long-term 
stability tests with dry methane. 
 
SEM images also showed that the SNG cells prevent carbon 
deposition, while filamentous carbon was deposited on the 
anode after the long-term stability test in the case of the 
conventional NG cell (Fig. S2a and S2b, ESI†). A further 
explanation is that the oxygen ions would prefer to be used for 
oxidizing the carbon than oxidizing Ni metal by lowering the 
overall activation barrier for the carbon oxidation (C-O 
bonding). This result leads to suppression of Ni oxidation and 
carbon deposition, also higher performances at low temperature 
in dry methane. Single cells made from the surface modified 
nano-composite powders were also tested for higher 
performances and stability with lower polarization resistance 
and extended TPBs in the anode. 
The power densities of the 0.5 wt% SNGG cells were 1.13 
Wcm-2 and 0.93 Wcm-2 with H2 and CH4, respectively, and the 
ohmic and polarization resistances were 0.097 Ωcm2 and 0.047 
Ωcm2 with H2 respectively, and 0.107 Ωcm
2 and 0.068 
Ωcm2 with CH4 at 650 
oC (Fig. 4c). The 0.5 wt% n-SNGG 
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cells could operate for over 40 hours without any degradation, 
as shown in Fig. 4d.  The research groups studying Sn effects 
have mostly observed that an optimal amount of Sn doping on 
Ni is required to achieve the high catalytic activity for dry 
methane and suppress carbon deposition simultaneously.30-
32The effect of Sn on preventing carbon deposition is also 
demonstrated with large scale anode-supported (Fig. S3 and S4, 
ESI†).    
The development of large-scale cell or practical SOFC stack 
for direct utilization of dry methane require novel anode 
materials, innovative bi-polar plate, and the complex BOP for 
long-term stability at intermediated temperature. However, 
extremely small amount of Sn doping on Ni would be the one 
of the cost-effective core solutions to utilize directly 
hydrocarbon fuels. 
Conclusions 
We evaluated the effects of the extremely small amount of Sn 
on micro-structure and resistance to carbon deposition as well 
as the performance and durability with dry CH4. The Sn was 
doped on conventional NiO powder and the surface modified 
powder by the simple incipient wetness method. The n-SNGG 
powder has better homogeneous distribution of Sn, because Sn 
is doped on the nano-sized NiO embedded on the core GDC. 
The microstructures of the anodes were considerably improved 
by the Sn catalyst which plays the role of coarsening inhibitor, 
resulting in higher porosity and smaller pore size. The 
maximum power density of the 0.5 wt% n-SNGG anode-
supported cells were 1.12 Wcm-2 and 0.93 Wcm-2 with H2 and 
CH4 respectively at 650 
oC, which are considerably improved 
comparing with the conventional Ni-GDC single cells. 
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